Abstract-The
The machines had to fit in an underground laboratory and, as such, were designed in a linear fashion. Another requirement was that the two machines be fired independently with dual axes 60
• apart, as shown in Fig. 1 . The major components of Cygnus include the Marx, pulse-forming line (PFL), water transmission line, induction voltage adder (IVA), vacuum insulated transmission line (VITL), and diode. The Cygnus Facility footprint is approximately 7 m wide by 28 m long.
A. Marx
The Marx consists of 32 full stages of 100-kV 200-nF capacitors and 2 half-stages of 50-kV 400-nF capacitors. The Marx output is directed with a swing arm mechanical switch to either a 28-Ω internal load or downstream to the PFL. The swing arm allows the Marx to be charged while the output is tied to the internal load. If a prefire occurs during charging, the Marx energy is safely absorbed in the internal load while protecting the diode. This is a valuable feature as the diode requires rebuilding after every downline pulse.
The Marx components are suspended on nylon straps from the Marx tank lid. This allows maintenance by simply raising the Marx lid out of the oil using hydraulic rams located on each corner of the Marx tank.
The Marx diagnostics include a current viewing resistor on the grounded input of the Marx and a resistive voltage monitor attached to the high voltage output plate.
B. PFL
The PFL is a modified Radiographic Integrated Test Stand (RITS) design [1] that was shortened by approximately 15 cm. The main switch, transfer lines, and sharpening switch are the original RITS design. However, the oil prepulse switch was modified to allow transition to the Cygnus water transmission line (Fig. 2) .
The diagnostics on the PFL include current (B-dot) and voltage (D-dot) monitors located before and after the PFL and sharpening switches. The PFL output transitions to the water transmission line at the output barrier.
C. Water Transmission Line and Diverter Switch
The configurability of the water transmission line allows flexibility in the placement of the Marx/PFL in the underground facility. Water conditioning stations keep the water deionized and deaerated while maintaining resistivity greater than 50 kΩ · m. Diagnostics include B-dot and D-dot monitors on the input and output of the water transmission line.
The diverter switch is a passive self-closing switch which uses five sodium thiosulfate water resistors in parallel to absorb reflected energy and protect the PFL output barrier. The total resistance is 3-5 Ω. A torlon rod can be adjusted to vary the gap as shown in Fig. 3 . The typical setting for this gap is 3.8 cm. An additional D-dot, referred to as VDIVERT, was added approximately at midpoint in line with one of the five resistors to measure the reflected pulse.
D. IVA and VITL
The IVA skid includes an oil manifold and three IVA cells [2] feeding a VITL. The cells are modified Sandia Accelerator and Beam Research Experiment (SABRE) cells [3] . Major modifications for the Cygnus cells are redesigned radial vacuum feeds and the addition of access plates for inspection and cleaning. All surfaces inside the cells and VITL, which are exposed to greater than −150 kV/cm, have been hard anodized to suppress surface electron emission [4] .
The VITL center conductor is a cantilevered stalk. It is centered using four vacuum bellows attached to cables. A rotational adjustment was added to allow alignment of the downstream 30
• bend with the outer conductor.
E. Diode
Cygnus uses the rod-pinch diode developed by the Naval Research Laboratory [5] and later tested on TRIMEV [6] and SABRE [3] . The rod-pinch diode consists of an annular cathode and a small diameter anode rod, typically 0.75 mm, which extends 1 cm through the cathode. With a rod made of tungsten or other high-atomic-number material, the diode produces a small spot size and high intensity source for pulsed radiography. The Cygnus endpoint energy is 2.25 MeV with a radiation pulsewidth of 50 ns. The load impedance for the rodpinch diode is 40 Ω at peak power while the driver impedance is 60 Ω.
II. BACKGROUND OF THE DIVERTER SWITCH
The need for a diverter switch to absorb reflected energy was addressed during the Cygnus design stage [4] . Weidenheimer theorized that, for certain anomalous downstream conditions, a reflected 10-ns reverse polarity pulse could reach as much as 80% of the forward going pulse amplitude. Computer modeling predicted that the most stressed node would be the PFL to water transmission line transition as shown in Fig. 2 . The insulator at this transition is the PFL output barrier, which is a 2-in-thick disk manufactured from polycarbonate. The diverter switch was incorporated in the system to intercept the possible reflected pulse that could potentially damage the output barrier of the PFL. Thus, the main function of the diverter switch is barrier protection.
In addition to the original intended task, we have discovered that the diverter switch is a sensitive indicator of electrical breakdown. A review of the diverter switch waveforms has indicated degradation or failure of torlon rods used in the water transmission line. Also, the diverter switch has shown evidence of tracking on the PFL input barrier. Thus, the diverter switch has also performed as a breakdown diagnostic. 
III. ANALYSIS OF THE DIVERTER SWITCH
Typical integrated voltage waveforms for the diverter switch (VDIVERT) and water transmission line (VTL1 and VTL2) are given for Cygnus 1 (Fig. 4) and Cygnus 2 (Fig. 5) . Note that the VDIVERT diagnostic location is shown in Figs. 3  and 6 . The VTL1 location is approximately 0.6 m past the PFL (Fig. 6) , near the beginning of the water transmission line, and the VTL2 location is approximately 0.6 m before the IVA manifold (Fig. 6) , near the end of the water transmission line. The VDIVERT probes are not calibrated; therefore, their signals are given in arbitrary units.
A. Diverter Wave Shape
On the VDIVERT trace, the signature of the downline pulse is labeled as "Main Pulse" which is shown in Figs. 7-9 . The "Reflected Pulse" (inverted) is the positive pulse adsorbed by the switch. The signal between the main pulse and the reflected pulse is defined as "Prepulse." The three prepulse categories, routinely observed, are described as follows. 1) No prepulse is shown in Fig. 7 and shows high-frequency low-amplitude oscillations until the reflected pulse returns. 2) Small prepulse shows a small pulse just before the reflected pulse in Fig. 8.  3 ) Large prepulse displays multiple larger amplitude oscillations as shown in Fig. 9 . The last shape, "Large Prepulse," was observed most often. During a total of 544 machine shots, 354 had "Large Prepulse," 61 had "Small Prepulse," and 129 displayed "No Prepulse."
In summary, the main pulse and reflected pulse features are repeatable from shot to shot. Alternatively, the prepulse features varied greatly. Due to their time domain, we expected that the degree of prepulse oscillations would correlate with torlon rod failure and subsequent degradation in the downstream voltage pulse (VTL2). However, no correlation was observed, and the source of prepulse oscillations is not understood.
B. Barrier Protection
The absorbed diverter switch energy is important since it is one metric indicative of barrier protection. The energy is the time integral of k (VDIVERT) 2 , where k is a constant. The VDIVERT monitors on Cygnus 1 and 2 had different calibration factors. Therefore, energy is expressed in normalized units (n.u.) to facilitate direct comparison of results between the two Cygnus machines. Fig. 10 shows the energy dissipated in the diverter switch versus the facility shot number for five shot series (I through V). The bottom plots (VI) are a compilation of shots from all five test series. A facility shot is defined as an event where either one or both Cygnus machines are fired.
The description of the Cygnus shot series is as follows. Cygnus radiography has been used on three substantial events: Armando-an SCE, Step Wedge-X-ray plutonium transmission measurements, and Thermos-1-D dynamic plutonium experiments. The five shot series are defined in terms of these events as follows: (I) Armando Confirmatory, (II) Armando, (III) Step Wedge, (IV) Thermos Confirmatory, and (V) Thermos.
Note that the Armando shot series is divided into two parts, Armando Confirmatory and Armando. A confirmatory shot is a milestone event conducted to demonstrate test readiness by using a surrogate material in a test instead of the special nuclear material. The Armando Confirmatory shot series includes all preparatory shots completed, up to and including the confirmatory shot. The Armando shot series includes all shots after the confirmatory, up to and including the Armando shot. The Thermos Confirmatory and Thermos series are likewise defined. The zero energy data in Fig. 10 correspond to torlon rod failures in the water transmission line. Table I is an analysis of the shots shown in Fig. 10 , where diverter switch energy is given in n.u. There are some minor exceptions to the data set used in Fig. 10 . The table does not include zero energy or abnormally high energy shots as it is intended to show the typical shot performance for Cygnus. The energy absorbed by the diverter switch has been very consistent over all shot series; therefore, the switch is reliable in intercepting a portion of the reflected pulse. Quantitative determination of the level of protection afforded by the diverter switch requires additional effort-VDIVERT calibration coupled with transmission line modeling. However, as a possible indicator of barrier protection, in over 500 shots, there have been zero PFL output barrier tracking issues.
C. Breakdown Diagnostic
The review of the diverter switch data has proven the VDIVERT diagnostic voltage monitor to be crucial for 1) determining degradation of the torlon rods used in the water transmission line and 2) indication of tracking on the PFL input and output barriers.
Cygnus reliability has always been a key operational element. The risk inherent in the execution of an SCE is that a high-stake package is expended in a single event where there is no reprieve from catastrophic equipment failure [7] .
When the Cygnus machines are operating flawlessly, the diagnostic produces a very repeatable waveform that gives the operators a quick look at the machine health as shown in the ten-shot overlay in Fig. 11 .
The benefit of the diverter switch as a diagnostic is shown in Fig. 12 as we compare a typical shot (blue waveform) to a torlon rod failure (red waveform). From examination of the VDIVERT waveforms, there is no prepulse or reflected pulse for a catastrophic torlon rod failure. The reflected pulse normally measured at the switch was intercepted by the shorted torlon rod.
The VDIVERT waveform averages a 75% drop in amplitude during a torlon rod failure while VTL1 averages 10% and VTL2 averages only 5% during these same failures. Typical machine variance can reach 5%. This limits the ability to determine failure using VTL1 and VTL2 until voltage breakdown becomes catastrophic.
IV. CONCLUSION
The existence of prepulse did not have any noticeable correlation with the output of the machines. It was theorized that the level of prepulse was an indicator of torlon rod failure which would have a correlation with dose, but comparison of dose level to prepulse activity showed no link.
The VDIVERT diagnostic is not calibrated; therefore, it is not possible to definitively state the level of barrier protection obtained by using the diverter switch. Operational history indicates that the switch reliably intercepts a consistent fraction of the reflected pulse with a percent deviation of ±10%.
Additional effort is required to quantify the effectiveness of the switch.
The diverter switch has been shown to be a valuable breakdown diagnostic. The diverter diagnostic has become a critical diagnostic during postshot analysis as it has a high sensitivity to breakdown failures which may occur in the region from the PFL to the diode inclusive.
